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ABSTRACT
Disulphide bonds are widely used among all domains of life to provide structural stability to pro-
teins and to regulate enzyme activity. Chlamydia spp. are obligate intracellular bacteria that are
especially dependent on the formation and degradation of protein disulphide bonds. Members
of the genus Chlamydia have a unique biphasic developmental cycle alternating between two
distinct cell types; the extracellular infectious elementary body (EB) and the intracellular replicat-
ing reticulate body. The proteins in the envelope of the EB are heavily cross-linked with disul-
phides and this is known to be critical for this infectious phase. In this review, we provide a
comprehensive summary of what is known about the redox state of chlamydial envelope pro-
teins throughout the developmental cycle. We focus especially on the factors responsible for
degradation and formation of disulphide bonds in Chlamydia and how this system compares
with redox regulation in other organisms. Focussing on the unique biology of Chlamydia enables
us to provide important insights into how specialized suites of disulphide bond (Dsb) proteins
cater for specific bacterial environments and lifecycles.
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Disulphide bonds between protein cysteine sulphur
atoms are found in all domains of life, as well as in
viruses, and provide thermal and structural stability for
many secreted and membrane proteins. The function of
many Gram-positive and Gram-negative bacteria viru-
lence factors are dependent on the formation of correct
disulphide bonds, including those important in; adhe-
sion to a host cell (Jacob-Dubuisson et al. 1994;
Bouwman et al. 2003), spread and growth (Yu et al.
2000; Hiniker and Bardwell 2004), and host cell manipu-
lation (Watarai et al. 1995; Jackson and Plano 1999;
Pugsley et al. 2001; Miki et al. 2004; Lin et al. 2008; Miki
et al. 2008; Ren G et al. 2014; Mariano et al. 2018).
Consequently, incorrect protein folding or disruption of
disulphide bond (Dsb) formation can attenuate bacter-
ial virulence, although without affecting viability
(Ireland et al. 2014). Thus, the disulphide oxidative
pathway, responsible for the introduction of disulphide
bonds into bacterial proteins, has been validated as a
target for the development of anti-virulence antimicro-
bial drugs (Fruh et al. 2010; Adams et al. 2015; Halili
et al. 2015; Landeta et al. 2015; Smith et al. 2016;
Bocian-Ostrzycka et al. 2017).
Members of the Chlamydia genus are Gram-negative
obligate intracellular bacteria with a unique biphasic
developmental cycle correlating with Dsb formation and
degradation. In the developmental cycle Chlamydia alter-
nates between two different morphological forms; the
infectious extracellular elementary body (EB) and the
intracellular replicating reticulate body (RB). As a result of
an extensive network of disulphide cross-linked proteins
in the chlamydial outer membrane complex (COMC), the
EB envelope is extremely rigid making it resistant to the
harsh extracellular environment (Hackstadt et al. 1985;
Hatch et al. 1986; Newhall 1987; Hatch 1996). Disrupting
the disulphide cross-linking network in EBs has severe
consequences for infectivity (Hackstadt et al. 1985).
Moreover, the redox state of the cysteines in the outer
membrane proteins is critical in each step of Chlamydia
development (Stirling et al. 1983; Hatch et al. 1984;
Hackstadt et al. 1985; Sardinia et al. 1988; Raulston et al.
2002). Despite this body of evidence on the importance
of Dsb regulation in the outer membrane proteins,
CONTACT Wilhelmina M. Huston Wilhelmina.Huston@uts.edu.au School of Life Sciences, University of Technology Sydney, PO Box 123, Broadway,
Building 4, Ultimo, Sydney, NSW, 2007, Australia
 2019 Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way.
CRITICAL REVIEWS IN MICROBIOLOGY
https://doi.org/10.1080/1040841X.2018.1538933
relatively little is known about the factors responsible for
controlling the redox protein status.
This review focuses on disulphide bonds in the chla-
mydial envelope, with particular attention to (i) the
changes in the disulphide-bonded network that accom-
pany progression of the chlamydial developmental cycle,
(ii) factors responsible for formation and degradation of
disulphides in Chlamydia, and (iii) how Dsb formation in
Chlamydia compares with that in other bacteria.
Dsb oxidation in bacteria
The bacterial machinery that introduces disulphide
bonds into proteins was first identified and character-
ized in the model organism E. coli K-12 and comprises
the two dithiol oxidoreductases DsbA and DsbB; DsbA
is a periplasmic enzyme consisting of a thioredoxin fold
with an embedded helical domain. The thioredoxin fold
contains the catalytic site comprising a Cys-X-X-Cys
(where X is any amino acid) motif and a proline (near in
space, but distant in sequence to the Cys-X-X-Cys motif)
that adopts a cis conformation (Martin et al. 1993).
DsbA introduces disulphide bonds to unfolded sub-
strate proteins by accepting an electron pair from cys-
teines in the substrate thereby forming a covalent
bond. DsbB is responsible for recycling DsbA to the oxi-
dized, active state and does so by accepting the elec-
tron pair from DsbA and transferring them to a quinone
cofactor and ultimately molecular oxygen via the elec-
tron transport pathway (Kobayashi et al. 1997; Bader
et al. 1999). DsbB is localized to the cytoplasmic mem-
brane and has four membrane-spanning helices and
two periplasmic loops. Each periplasmic loop contains a
cysteine pair essential for oxidation of DsbA (Bardwell
et al. 1991). DsbA can introduce non-native disulphide
bonds and these need to be corrected. This is the func-
tion of the disulphide isomerase pathway comprising
DsbC and DsbD (Berkmen et al. 2005) (Figure 1). DsbC
is a V-shaped homodimer, with a thioredoxin domain in
each of the two protomers, and is responsible for shuf-
fling incorrect disulphide bonds (Berkmen et al. 2005).
It is recycled back to the reduced, active state by the
membrane protein redox partner DsbD (Rozhkova et al.
2004; Gruber et al. 2006; Stirnimann et al. 2006). DsbD
is also responsible for reducing the disulphide isomer-
ase DsbG, that protect single cysteine residues from oxi-
dation (Depuydt et al. 2009). DsbG is distantly related
to DsbC and, like DsbC, forms a V-shaped homodimer
(Heras et al. 2004).
A bioinformatic screen identified DsbA homologues
in 265 of 421 screened bacterial genomes (Heras et al.
2009). All DsbA enzymes contain a thioredoxin domain
and a Cys-X-X-Cys (where X is any amino acid) catalytic
motif, but structural and biochemical analysis of more
than 25 DsbA enzymes shows that they are diverse in
surface properties and redox potential (for extensive
reviews of DsbA enzymes see Heras et al. 2009;
Shouldice et al. 2011; McMahon et al. 2014; Landeta
et al. 2018). Even though the E. coli Cys-Pro-His-Cys
catalytic motif is well-conserved, up to 10 other
Figure 1. Disulphide bond formation in E. coli. In the disulphide oxidative pathway of E. coli, disulphide bonds are contributed
to a reduced substrate by DsbA. As a result, DsbA is reduced and is subsequently oxidized by the membrane protein DsbB.
Incorrectly formed disulphides are corrected by the dimeric oxidoreductase DsbC, which is then returned to the reduced, active
state by the membrane protein DsbD. Cysteines are shown as yellow circles and disulphide bonds between two cysteines are
indicated by a black line.
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combinations of residues in the dipeptide separating
the two cysteines have been identified (Heras et al.
2009). The catalytic dipeptide and the polar residues
proximal to the N-terminal Cys residue are the main
contributors to the diverse redox characteristics
observed amongst disulphide oxidoreductases
(Charbonnier et al. 1999; Lafaye et al. 2009; Ren G et al.
2009; Rinaldi et al. 2009).
Most Gram-negative bacteria encode disulphide
machinery resembling the oxidative and isomerase
pathways in E. coli. However, some exhibit an extended
suite of Dsb proteins. Some enterobacteria (Grimshaw
et al. 2008; Totsika et al. 2009) (Lin et al. 2009) harbour
a DsbL/DsbI redox pair that is homologous to the
DsbA/DsbB redox pair (Figure 2(A)), but with a more
narrow substrate range that is not able to compensate
for lack of DsbA/DsbB activity (Grimshaw et al. 2008; Lin
et al. 2009; Totsika et al. 2009). Other proteobacteria,
such as the alpha-proteobacterium Wolbachia pipientis
(Walden et al. 2013), the beta-proteobacterium Neisseria
meningitidis (Sinha et al. 2004; Tinsley et al. 2004) and
the gamma-proteobacterial S. enterica Typhimurium
(Heras et al. 2009; 2010), and Pseudomonas aeruginosa
(Arts et al. 2013) encode multiple DsbA homologues
that vary in redox properties, substrate specificity and
membrane association. For example, two of the three
DsbAs in N. meningitidis are anchored to the mem-
brane, whereas the third is soluble in the periplasm
(Figure 2(B)). In addition to the two DsbA enzymes, P.
aeruginosa also has two DsbB homologues, each of
which can interact with both DsbA1 and DsbA2 (Arts
et al. 2013) (Figure 2(C)). Epsilon-proteobacteria also
encodes an extended suite of Dsb proteins. For
example, members of the Campylobacter genus have
two DsbA homologs with different substrate specificity
as well as two DsbB homologs, DsbB and DsbI (not
related to DsbI mentioned above) (Bocian-Ostrzycka
et al. 2015) of which only DsbB interacts with the two
DsbAs (Raczko et al. 2005) (Figure 2(D)). Helicobactor
pylori also has a DsbI homologue as well as a homodi-
meric oxidoreductase known as DsbK that has oxidase
as well as isomerase activity (Yoon et al. 2011;
Roszczenko et al. 2012; Lester et al. 2015).
Many intracellular Gram-negative bacteria such as
Francisella tularensis, Legionella pneumophila, and
Rickettsia harbour homodimeric DsbA homologues with
reductase as well as oxidase activity that are capable of
oxidizing and isomerizing disulphide bonds in vitro
(Kpadeh et al. 2013; Ren G et al. 2014) (Figure 2(E)).
Although Gram-positive bacteria do not have a peri-
plasm, the peptidoglycan-techoic/mycolic-acid layer is
suggested to form a periplasmic-like space in which
disulphide bonds can be formed (Bayan et al. 2003;
Matias and Beveridge 2005). Relative to the E. coli set of
Dsb proteins (DsbA/B/C/D), many non-Gram-negative
bacteria have a markedly different suite of Dsb proteins.
For example, the firmicutes Staphylococcus aureus and
Listeria monocytogenes, both harbour a DsbA homo-
logue, but no DsbB homologue (Figure 2(F)) (Dumoulin
et al. 2005; Heras et al. 2009). Another firmicute, Bacillus
subtilis, encodes two DsbA-like proteins, BdbA, and
BdbD and two DsbB-like proteins, BdbB and BdbC, form-
ing two functional redox pairs, BdbA-BdbB and BdbC-
BdbD (Figure 2(G)) (Bolhuis et al. 1999; Kouwen et al.
2007). In the oxidative pathway of all aerobic cyanobac-
teria and some actinobacteria and Gram-negative delta-
proteobacteria DsbA is oxidized by the DsbB analogue
VKOR (vitamin K epoxide reductase) in a mechanism
similar to the DsbA/DsbB pathway (Dutton et al. 2008; Li
et al. 2010; Wang et al. 2011) (Figure 2(H)).
Extremophiles also use disulphide bonds to stabilize
cytoplasmic and secreted proteins, as evidenced by
even number of cysteines (Mallick et al. 2002; Beeby
et al. 2005; Ladenstein and Ren 2008; Jorda and Yeates
2011), and by observation of disulphide bonds in the
crystal structure of thermophilic cytoplasmic proteins
(Toth et al. 2000; Cacciapuoti et al. 2004; Karlstrom
et al. 2005; Boutz et al. 2007; Guelorget et al. 2010). A
putative extra-cytoplasmic DsbA-like enzyme with a thi-
oredoxin fold and a Cys-Pro-His-Cys catalytic motif was
first identified in Pyrococcus horikoshii (PhDsb) and is
conserved in the Archaeal kingdom (Kuroita et al.
2007). PhDsb has functional properties similar to E. coli
DsbA, but with significantly higher thermostability
(Kuroita et al. 2007). A cytoplasmic protein disulphide
oxidoreductase (PDO) with two thioredoxin domains,
each containing a Cys-X-X-Cys motif, has been identi-
fied in several hyperthermophiles, such as Sulpholobus
solfataricus (Guagliardi et al. 1994), Methanococcus jan-
naschii (Mcfarlan et al. 1992) and Pyrococcus furiosus
(Ren B et al. 1998). The finding that PDO has oxidase
and reductase activity and is capable of isomerizing
disulphide bonds in vitro (Pedone et al. 2004;
D’Ambrosio et al. 2006; Pedone et al. 2006) supports
the theory that PDO is involved in Dsb formation in the
cytoplasm of extremophiles. In Crenarchaea two mem-
brane-bound VKOR homologues have been identified;
in one the active site faces the cytoplasm and in the
other it faces the extra-cytoplasmic side (Hatahet and
Ruddock 2013; Hibender et al. 2017). Combined with
the finding of oxidoreductases in both the cytoplasm
and the extra-cytoplasmic space, this might suggest
two distinctive pathways for Dsb formation in the cyto-
plasm and the extra-cytoplasmic space (Figure 2(I)).
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It is evident from our brief introduction to Dsb pro-
teins that disulphide bonds are ubiquitous in bacteria,
but that the pathways vary between different bacterial
classes (for more thorough reviews refer to Kadokura
and Beckwith 2010; Berkmen 2012; Cho and Collet
2013; Landeta et al. 2018). The differences in structural
Figure 2. Selected alternative Dsb systems in bacteria. (A) Some Gram-negative bacteria, including uropathogenic E. coli,
Salmonella, Shewanella have a specialized redox-pair, DsbL/DsbI in addition to the standard DsbA/DsbB redox pair (the two redox
pairs are separated by a dotted line). (B) N. meningitidis and S. enterica Typhimurium encode three DsbA homologs and one
DsbB homolog. Two of the DsbA homologs in N. meningitidis, DsbA1 and DsbA2, are lipoproteins, associated with the inner
membrane. (C) P. aeruginosa encodes two DsbA homologs as well as two DsbB homologs. Both DsbB homologs are able to oxi-
dize both DsbA homologs. (D) C. jenuni encodes two DsbA homologs and two DsbB homologues, DsbB and DsbI, of which only
DsbB interacts with DsbA. (E) F. tularensis has a dimeric DsbA homolog with oxidase as well as isomerase activity and a DsbB
homolog. (F) Some Gram-positive bacteria, such as S. aureus, encode only a DsbA homolog, and no DsbB homolog. (G) B. subtilis
has two DsbA-like proteins, BdbA and BdbD as well as two DsbB-like proteins, BdbB and BdbC. BdbD and BdbC form a redox
relay responsible for introduction of disulphide bonds (the two redox pairs are separated by a dotted line). (H) In Actinobacteria,
including M. tuberculosis, disulphide bonds are introduced by a redox pair consisting of DsbA and the DsbB analog, VKOR. (I) A
DsbA-like extra-cytoplasmic oxidoreductase, phDsb, has been identified in some thermophiles. Many thermophiles also encode a
cytoplasmic dimeric oxidoreductase, PDO. Two VKOR homologues have been identified in Crenarchaea. The active site faces the
cytoplasm in one, whereas it faces the extra-cytoplamic space in the other. Cysteines are shown as yellow circles and disulphide
bonds between two cysteines are indicated by a black line.
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and redox properties of the primary bacterial oxidase
DsbA, combined with the observed diversity in Dsb rep-
ertoire and specificity among the bacterial classes sug-
gests that different morphologies, ecological niches,
and lifestyles (even in extreme conditions) have differ-
ing requirements for protein Dsb formation.
The extracellular and intracellular life
of Chlamydia
In the extracellular environment outside the host,
Chlamydia exists as a spore-like non-replicative form
called the EB. In addition to the rigid disulphide cross-
linked envelope, the EB is distinguished from the
intracellular RBs by being smaller and having highly
compact DNA (Shaw et al. 2000). Chlamydial infections
are initiated by attachment of the EB to the host cell
and the EBs are subsequently internalized to a host-cell
derived vesicle, called an inclusion vacuole (Nans et al.
2014) (Figure 3).
Following internalization, the EB differentiates to RB
(Figure 3). The differentiation process includes reduc-
tion of the disulphide bonds in COMC proteins and
transcription of early genes, facilitating host-pathogen
interactions (Belland et al. 2003). The RBs then undergo
at least six rounds of binary fission at 8–20 h post-infec-
tion (Lee et al. 2018). Commencing approximately 24 h
post-infection, RBs differentiate to EBs in an asynchron-
ous manner controlled by reduction in RB size (Lee
et al. 2018). The new infectious progeny are released by
one of two mechanisms: host cell lysis or extrusion of
the inclusion (Hybiske and Stephens 2007; Kerr
et al. 2017).
As a response to stress caused by, for example, nutri-
ent deprivation or b-lactam antibiotics, the RB can enter
a distinct morphological and metabolic form referred to
as aberrant bodies or “persistence” (Beatty et al. 1993;
1994a; 1994b) (Figure 3). During the persistent state, an
RB transitions to an enlarged aberrant body that ceases
to divide but remains viable and chromosome replica-
tion continues (Koehler et al. 1997; Gerard et al. 2001).
This form can remain inside the cell indefinitely, and
upon removal of the stress the aberrant bodies revert
back to RBs and continue the developmental cycle
(Hatch 1975; Harper et al. 2000; Wyrick 2010;
Bavoil 2014).
The chlamydial outer membrane complex
The rigid nature of the chlamydial EB is a consequence
of substantial Dsb cross-linking within and between
proteins associated with the outer membrane. This is
known as the Chlamydia Outer Membrane Complex
(COMC). Proteins associated with the COMC include the
Major Outer Membrane Protein (MOMP), two cysteine-
rich proteins (OmcA and OmcB), the polymorphic mem-
brane proteins (Pmps) (except PmpD), PorB, OprB, Pal,
OMP85, CTL0887, CTL0541, CTL0645 and the type III
secretion system components CdsC, CdsD, and CdsF,
(Mygind et al. 2000; Tanzer and Hatch 2001; Vandahl
Figure 3. Chlamydia spp developmental cycle. Infection is initiated when the infectious EB attaches to host cell heparan sulphate
proteoglycan and host cell receptors at the host cell surface. The EB is internalized into a host membrane-derived inclusion.
Within the inclusion the EB differentiates into RB that replicates via binary fission. Late in the developmental cycle, RBs differenti-
ate to EBs in an asynchronous manner and new infectious progeny are released via host cell lysis or extrusion of the inclusion.
Alternatively, in response to cellular stress the RB can enter a reversible state of persistence.
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et al. 2004; Birkelund et al. 2009; Tan et al. 2009; Liu
et al. 2010) (Figure 4).
The most well-characterized constituents of the
COMC are the MOMP and the two cysteine-rich proteins
OmcA and OmcB. MOMP constitutes 60% of the outer
membrane protein mass of Chlamydia (Caldwell et al.
1981). MOMP adopts a 14- or 16-strand b-barrel (Wyllie
et al. 1998; Rodriguez-Maranon et al. 2002; Findlay et al.
2005; Sun et al. 2007; Atanu et al. 2013; Feher et al.
2013), that, in the outer membrane, forms trimers inde-
pendent of intra- or intermolecular disulphide bonds
(Bavoil P et al. 1984; Findlay et al. 2005; Sun et al. 2007).
Depending on species and serovar MOMP contains
between 7 and 10 cysteine residues, of which seven are
conserved. Four of these are located in predicted exter-
nal loops and are expected to form intramolecular
disulphide bonds (Yen et al. 2005). This is in agreement
with the finding that MOMP forms high order homo-
meric oligos in the outer membrane (Hackstadt et al.
1985). There is disagreement as to whether MOMP is
cross-linked by disulphides to other protein in the
COMC (Sun et al. 2007; Liu et al. 2010).
The second most abundant protein in the Chlamydia
psittaci envelope is OmcA (also referred to as Omp3 or
small cysteine-rich protein), that with a cysteine content
of 15% (depending on species and serovar) is the
most cysteine-rich chlamydial protein. OmcA is mainly
hydrophilic with no apparent membrane spanning sec-
tions (Everett and Hatch 1991), but is associated with
the outer membrane through a lipid anchor (Allen et al.
1990). OmcB (also referred to as Omp2 or large cyst-
eine-rich protein) has a cysteine content of 4–6%,
(again dependent on species and serovar) and is con-
served amongst chlamydial species (70–80%). OmcB
contains hydrophobic and amphiphilic segments that
are potentially capable of spanning the outer mem-
brane, but the subcellular localization of OmcB is the
subject to some debate; most recent studies suggest
that OmcB is partly surface exposed and partly peri-
plasmically located (Fadel and Eley 2007, 2008;
Moelleken and Hegemann 2008). This is consistent with
the finding that OmcB binds to Glycosaminoglycans
(GAGs) on the host cell surface and heparan sulphate
on the host cell surface is required for infection with C.
Figure 4. Composition of the COMC. The COMC consists of cysteine-rich outer membrane proteins and periplasmic proteins asso-
ciated with the outer membrane. In this schematic, the presence of cysteine residues and disulphide bonds with experimentally
validated locations are shown in orange, whereas other possible cysteines are shown in red. A dashed line indicates association
of proteins with COMC. The outer membrane and inner membrane are marked OM and IM, respectively. The structure of MOMP
(green) is based on the model of Atanu et al. (2013). MOMP is inserted into the membrane as a trimer with all cysteines located
in predicted extracellular loops. For clarity, two of the three monomers in the MOMP trimer shown here are semi-transparent,
and their loops and disulphides are not shown. It is unclear if MOMP is disulphide-linked to other COMC proteins. OmcA has a
cysteine content of 15% and is associated with the membrane via a lipid anchor. OmcB has a cysteine content of 4–6% with
no cysteines in the membrane-spanning region. At least one heparin-binding motif (XBBXBX) is exposed on the surface. All Pmps
from C. trachomatis are translocated to the surface and with the exception of PmpD, all Pmps in C. trachomatis are COMC-associ-
ated. Pmps are autotransporters inserted in the membrane as a b-barrel. There is increasing evidence that Pmps mature by
undergoing proteolytic cleavage (scissors). Pmp6 and Pmp21 both have cleavage sites between the predicted N-terminal b-helix
and the predicted C-terminal b-barrel . PorB and Pal also form part of the COMC, though it is uncertain if Omp85 is COMC-associ-
ated. The T3SS CdsF protein forms homomeric intermolecular disulphide bonds, whereas CdsC forms both homomeric intermo-
lecular and heteromeric intermolecular disulphide bonds with CdsD. CdsC may also form intermolecular disulphide bonds with
the COMC.
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trachomatis and Chlamydia pneumoniae (Fechtner
et al. 2013).
The type III secretion system (T3SS) in Chlamydia
resembles the T3SS in other Gram-negative pathogens,
despite many of the essential components sharing
very limited sequence homology (Betts et al. 2008).
Interestingly, several components of the chlamydial
T3SS contain a higher proportion of cysteines com-
pared with equivalent components in other bacteria
(Betts-Hampikian and Fields 2011). The cysteine resi-
dues in the chlamydial T3SS components CdsC, CdsD,
and CdsF, contribute to Dsb cross-linking of the EB
membrane. The two conserved cysteine residues in the
needle subunit proteins, CdsF, engage in a homogenic
intermolecular disulphide (Figure 4). The cross-linking
of the needle subunits might be responsible for
maintaining secretion-competent needles in the extra-
cellular EBs. Disulphide bonds are also formed between
CdsF and CdsD that connects the inner and outer rings
in the T3SS (Figure 4). CdsC contributes to the COMC
by engaging in disulphide bonds with other COMC pro-
teins, although the identity of these proteins is
unknown (Betts-Hampikian and Fields 2011) (Figure 4).
Making and breaking disulphides in the
chlamydial envelope
As described above, the COMC proteins are heavily
disulphide cross-linked in extracellular EBs, whereas the
same cysteines are reduced in RBs (Hatch et al. 1986;
Newhall 1987; Betts-Hampikian and Fields 2011; Wang
et al. 2014) (Figure 5). In this section, we review what is
Figure 5. Expression and disulphide cross-linked state of COMC proteins during the developmental cycle. MOMP, OmcA, OmcB
and CdsF form part of the COMC and are all oxidized in the extracellular EB. EB contains functional T3SS pre-packed with effec-
tors synthesized late in the previous infection. During or immediately after internalization the disulphides in MOMP and CdsF are
reduced and the disulphides in OmcA and OmcB are partly reduced. Internalization related effectors such as Tarp are secreted by
the T3SS possibly facilitated by reduction of disulphides within and between the T3SS components. Early after internalization,
effectors involved in establishing the inclusion are secreted by T3SS. During the replicative phase the T3SS secretes Inc proteins
responsible for recruiting host cell proteins, nutrient acquisition and maintenance of the inclusion. The constituents of the COMC,
apart from OmcA and OmcB, are synthesized during the early stages of replication and synthesis continues until host cell lysis.
The same is true for the Dsb enzymes, except for DsbJ. OmcA, OmcB and DsbJ synthesis is initiated late in the replication stage
or early in the RB to EB differentiation. Shortly thereafter the cysteines in MOMP, CdsF, OmcA and OmcB are oxidized. Late in
the cycle, effectors are secreted that prepare the inclusion for exit from the host. At this stage effector proteins required during
attachment and internalization in the next cycle are synthesized. Red dots represent cysteine residues and yellow lines represent
disulphide bonds. T3SS is shown at the top.
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known about the relationship between the develop-
mental cycle and the expression and redox state of
COMC proteins. In early studies, protein expression lev-
els of MOMP, OmcA, and OmcB were determined by
isotopic labelling using 35S-cysteine and SDS-PAGE ana-
lysis of infected HeLa cells (Hatch et al. 1986; Newhall
1987). More recent studies used mRNA expression lev-
els determined by microarray (Belland et al. 2003;
Nicholson et al. 2003). The more sensitive mRNA micro-
array data found that the onset of expression of these
proteins occurs earlier than observed subsequently in
studies by Newhall (1987) and Hatch et al. (1986).
Transcriptional profiling of the C. trachomatis genome
by Belland et al. classified the proteins as immediate-
early genes (0–3 h post-infection), early genes (3–8 h
post-infection), mid-cycle genes (8–24 h post-infection),
and late genes (24–48 h post-infection) (Belland
et al. 2003).
Attachment and internalization
Several COMC proteins are involved in host cell intern-
alization of Chlamydia. Attachment is mediated by
OmcB interacting with heparan sulphate-like GAGs on
the host cell, although it is not known whether the
disulphide bonds in OmcB are reduced at this stage or
remain oxidized (Zhang and Stephens 1992; Fadel and
Eley 2007; Fechtner et al. 2013). Oxidized MOMP also
participates in attachment of EB to the host cell by
functioning as a cytoadhesin (Su et al. 1988; 1990;
1996). The Pmps in C. trachomatis and C. pneumoniae
are likewise important in the early stages of infection;
three different Pmp subtypes have been identified as
adhesins, but their redox state during internalization is
unknown (Wehrl et al. 2004; Crane et al. 2006; Molleken
et al. 2010; Becker and Hegemann 2014). The T3SS pro-
motes internalization by secreting effector proteins into
the host cell (Clifton et al. 2004) (Figure 5).
EB to RB differentiation
Following entry into the host cell, EBs differentiate into
RBs (Newhall 1987). An important step in EB to RB dif-
ferentiation is reduction of disulphides in the outer
membrane proteins. Notably, disulphide reduction is
not sufficient for complete EB to RB differentiation
(Hackstadt et al. 1985),
Reduction of the COMC during internalization is cru-
cial for infection (Raulston et al. 2002), although this
does not facilitate complete EB to RB differentiation
(Hackstadt et al. 1985). MOMP and the T3SS compo-
nents are reduced within 1–2 h of infection (Hatch et al.
1986; Betts-Hampikian and Fields 2011; Wang et al.
2014) and OmcA and OmcB are at least partly reduced
by then (Hatch et al. 1986) (Figure 5). Reduction of the
disulphide bonds in the T3SS might facilitate secretion
of effector proteins (Betts-Hampikian and Fields 2011)
such as Incs, responsible for modification of the inclu-
sion body (Damiani et al. 2014; Gambarte Tudela
et al. 2015).
Replication
During the replicative stage, the majority of the chla-
mydial proteins are synthesized (mid-cycle genes),
including the COMC proteins. There is broad consensus
that expression of MOMP, the T3SS component CdsF, as
well as PmpE and PmpF, is initiated at the early stages
of replication and is continuously expressed throughout
the developmental cycle. The remaining Pmps as well
as CdsC and CdsD start expressing shortly thereafter
(Figure 5). Small amounts of OmcA and OmcB are syn-
thesized from 12h post-infection and are further up-
regulated in the late stages of replication and early
stages of RB to EB differentiation (Figure 5) (Hatch et al.
1986; Newhall 1987; Shaw et al. 2000; Belland et al.
2003; Nicholson et al. 2003; Betts-Hampikian and
Fields 2011).
RB to EB differentiation
According to the study by Hatch et al. (1986) MOMP
remains reduced until host cell lysis and is only oxidized
upon exposure to the extracellular environment.
However, studies by Newhall (1987) and Wang et al.
(2014) show that MOMPs with cysteines in the reduced
thiol form are inserted in the outer membrane of devel-
oping EBs and are subsequently oxidized during RB to
EB differentiation (Figure 5). In contrast, the cysteine
residues in OmcA and OmcB are oxidized concurrently
with expression (Hatch et al. 1986; Newhall 1987;
Mukhopadhyay et al. 2006; Wang et al. 2014).
Immunoblot analysis of C. trachomatis infected HeLa
cells suggests that cysteines in the type III secretion sys-
tem are reduced in the RB and that CdsF cysteines are
oxidized to disulphides in the early stages of RB to EB
differentiation (Hatch et al. 1986; Newhall 1987; Betts-
Hampikian and Fields 2011). Late in the infection cycle
T3SS effectors, secreted during invasion of the host cell
in the following cycle, are synthesized. Late-cycle effec-
tors are expressed and secreted by the T3SS presum-
ably involved in exit from the host cell (Valdivia 2008).
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Dsb formation is important for infectivity and
progression through the developmental cycle
Apart from contributing to extracellular EB resistance to
the harsh extracellular environment, the disulphide
cross-linking network is also important for chlamydial
infectivity, evident from the observation that disruption
of the COMC Dsb cross-links significantly reduces EB
infectivity (Hackstadt et al. 1985; Raulston et al. 2002).
This suggests that the disulphide-dependent integrity
of the EB state is pivotal for infection. However, reduc-
tion of the disulphide cross-linking network is required
for successful internalization (Bavoil P et al. 1984;
Hackstadt et al. 1985; Peeling et al. 1989; Raulston et al.
2002; Lazarev et al. 2010). In turn, failure to reestablish
the Dsb network of the COMC disrupts RB to EB differ-
entiation (Stirling et al. 1983; Hatch et al. 1984).
Dsb formation between COMC proteins might
regulate protein function
The effector protein Tarp, as well as the T3SS compo-
nents CdsF, CdsC, and CdsD are mid-cycle genes
(Belland et al. 2003), but are required for internalization.
This has led to the theory that T3SS and effector proteins
synthesized mid to late in the previous infection cycle per-
sist in the outer membrane of the extracellular EB in the
subsequent infection cycle (Betts-Hampikian and Fields
2011; Saka et al. 2011). Upon host cell entry, T3SSs
expressed in the previous infection cycle, are thought to
secrete effector proteins into the host cell where they initi-
ate EB invasion, disarm the immune response, and delay
maturation of EB-containing endosomes ultimately leading
to development of the inclusion vacuole (Valdivia 2008).
To avoid premature secretion of effectors, regulation of
chlamydial T3SS activity is pivotal. In addition to regulatory
factors common to other T3SS (Silva-Herzog et al. 2011;
Plano and Schesser 2013; Ferrell and Fields 2016), it has
been suggested that chlamydial T3SS is regulated via a
disulphide-dependent mechanism (Ferrell and Fields
2016). Although it is evident that reduction of disulphides
in T3SS correlates with its secretion activity, it is not yet
known whether reduction of the cross-linking network is a
prerequisite for secretion, or if secretion by T3SS is
required for reduction of the disulphides in other compo-
nents of the COMC (Betts-Hampikian and Fields 2011).
The porin function of MOMP has been suggested to
be regulated by redox state. This hypothesis was based
on findings that MOMP-containing outer membrane
vesicles reconstituted in phosphatidylcholine and dice-
tylphosphate showed reduced channel size and perme-
ability when disulphide bonds were present compared
to reduced (Bavoil P et al. 1984). However, an in vitro
study revealed no effect on channel properties upon
treatment with the oxidizing agents hydrogen peroxide,
oxidized glutathione, or Cu2þ-phenanthroline (Wyllie
et al. 1998). In a later study of the channel properties of
MOMP, no difference was observed upon treatment
with the reducing agent DTT, although the MOMP
redox state was not determined in this study (Sun et al.
2007). Like porins from the Vibrio photobacterium
group, MOMP has a long external loop made up of resi-
dues close to the C-terminus (Wang et al. 2006). In
other porins, this loop regulates channel diffusion size
by folding back into the barrel (Nikaido 2003;
Siritapetawee et al. 2004). As Cys337 in the loop is pre-
dicted to form a Dsb with Cys26 located inside the bar-
rel (Wang et al. 2006) this offers a molecular
explanation for the potential MOMP redox regulation.
Reduction of disulphide bonds in Chlamydia
Despite the association between the redox state of
COMC proteins and chlamydial development, the proc-
esses involved in COMC redox regulation are not well
known. One of the strongest pieces of evidence that
protein disulphide redox state is critical for the chla-
mydial developmental cycle relates to a protein from
infected host cells. Host cell protein disulphide isomer-
ase (PDI) is required for both attachment and internal-
ization of C. trachomatis L2/434/Bu and C. psittaci PF6
BC in a hamster cell model, but plays distinct roles in
the two processes (Conant and Stephens 2007;
Abromaitis and Stephens 2009). First, host PDI facilitates
attachment in a manner independent of PDI oxidore-
ductase activity (Abromaitis and Stephens 2009). Even
though PDI plays a purely structural role in attachment
there is no evidence that the EB binds directly to PDI,
rather the EB binds to an as-yet-unidentified receptor
that is associated with PDI (Abromaitis and Stephens
2009). Second, internalization of Chlamydia into host
cells requires PDI mediated disulphide reduction,
although it is unclear whether the PDI substrate in this
case is a host cell or a chlamydial protein (Abromaitis
and Stephens 2009). However, it has been suggested
that PDI-mediated disulphide reduction of T3SS, and
particularly CdsF, activates secretion of effectors
(Abromaitis and Stephens 2009). The PDI-dependent
internalization process of Chlamydia is especially inter-
esting as it shares similarities with the PDI-dependent
internalization of many viruses (Ryser et al. 1994;
Fenouillet et al. 2001; Gallina et al. 2002; Barbouche
et al. 2003; Markovic et al. 2004; Wehrl et al. 2004; Ou
and Silver 2006).
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Intracellular glutathione also plays a role in the early
stages of Chlamydia infection, although the mechanism
remains to be elucidated (Lazarev et al. 2010).
Treatment of C. trachomatis D/UW-3/Cx with a glutathi-
one precursor increases the inclusion size upon infec-
tion of HeLA cells, whereas inhibition of glutathione
synthesis and oxidation of glutathione led to four- to
sixfold inhibition of infectivity (Lazarev et al. 2010). In C.
psittaci chlamydial protein synthesis is required for
reduction of MOMP (Hatch et al. 1986), but this obser-
vation has not been confirmed and no chlamydial pro-
tein has, yet, been associated with COMC disulphide
reduction in the early stages of infectivity.
Extra-cytoplasmic oxidoreductases
in Chlamydia
It is not yet known if any chlamydial enzymes are
required for COMC protein disulphide reduction or oxi-
dizing COMC protein thiols during differentiation into
EBs. However, functional gene assignment of the C.
pneumoniae and C. trachomatis genomes identified five
putative extra-cytoplasmic oxidoreductases of the Dsb
family (Belland et al. 2003; Mac et al. 2008). The gene
products identified included homologs of the well-char-
acterized oxidoreductase redox relay system consisting
of DsbA and DsbB responsible for introduction of disul-
phide bonds to many excreted bacterial proteins as
described above, a DsbD homologue of the ScsB family
and two Dsb proteins unique to Chlamydia, DsbH,
and DsbJ.
Despite the identification of Dsb proteins in C. tra-
chomatis and C. pneumoniae, few of these proteins
have been characterized leaving the annotation of the
Dsb proteins questionable. We have performed a bio-
informatic analysis showing that DsbA, DsbB, DsbD,
DsbJ, and DsbH are highly conserved in the
Chlamydiaceas (Table 1). Further, sequence identities
with the E. coli Dsb homologues of 20% for DsbA,
DsbB, and DsbD supports the annotation of these as
chlamydial Dsb proteins.
According to a transcriptional study DsbA (referred
to as DsbG in the study), DsbB and DsbD are all mid-
cycle genes with the onset of synthesis 8 h post-infec-
tion (Belland et al. 2003) (Figure 5). However, a more
recent study reporting on DsbA protein levels reveals
that no DsbA is present in replicating RBs 18 h post-
infection but that it is present in EBs 44 h post-infection
just after exit from the host cell. Consequently, Figure 5
shows DsbA expressed later than DsbB and DsbD.
DsbH and DsbJ are also mid-cycle genes, although
DsbH synthesis is not observed until 16 h post-infection
(Belland et al. 2003). Even though DsbJ synthesis is
observed at 8 h post-infection transcription is highly
up-regulated 24 h post-infection and might part of a
heavily regulated cluster of mid-cycle genes (Nicholson
et al. 2003).
Even though one study refers to CTL0429 as DsbG,
we have identified the enzyme as a DsbA enzyme a
previous study characterizing the structure and bio-
chemical properties of the enzyme (Christensen et al.
2016). The structure of C. trachomatis DsbA shares the
characteristic features of DsbA enzymes with a thiore-
doxin domain, containing the active site cysteines, and
an inserted helical domain (Christensen et al. 2016).
The structure of C. trachomatis DsbA is more closely
related to the DsbA from the Gram-positive bacterium
S. aureus, the acid-fast bacterium M. tuberculosis and
the alpha-proteobacterium W. pipentis than the
DsbA from the Gram-negative beta- and gamma-
proteobacteria. Like the DsbAs from M. tuberculosis,
P. aeruginosa and W. pipientis, C. trachomatis DsbA has
an additional disulphide between helix 2 and helix 5
Unique to C. trachomatis DsbA is an additional,
unpaired cysteine residue and an unusual catalytic
motif with a dipeptide consisting of two small
uncharged amino acids (Cys-Ser-Ala-Cys). In accordance
with the finding that the dipeptide is an important
determinant of the redox potential (Chivers et al. 1997;
Huber-Wunderlich and Glockshuber 1998; Quan et al.
2007) the unusual dipeptide contributes to the excep-
tionally low redox potential (229mV) of C. trachoma-
tis DsbA which is the least oxidizing DsbA characterized
to date. No substrates have been identified for C. tra-
chomatis DsbA, hence it is not known whether it is
involved in the oxidation of COMC proteins.
Curiously, even though a DsbD homologue has been
identified in C. pneumoniae and C. trachomatis (Mac
et al. 2008) no obvious DsbC disulphide isomerase pro-
tein is evident in Chlamydia genomes. The Chlamydia
spp DsbD enzymes are predicted to be closely related
to the ScsB (Suppressor of Copper Sensitivity protein B)
family (Cho et al. 2012), that Caulobacter crescentus uses
to recycle ScsC to its reduced state. In Caulobacter cres-
centus (Cho et al. 2012), S. typhimurium (Gupta et al.
1997; Shepherd et al. 2013), and proteus mirabilis
(Furlong et al. 2017) the ScsA-D proteins are involved in
peroxide reduction and protection against copper ion
toxicity. Scs proteins comprising a four-gene cassette in
many Gram-negative bacteria) (Altschul et al. 1997) and
the P. mirabilis ScsB is required for isomerase activity of
the soluble periplasmic ScsC (Furlong et al. 2018).
However, a BLAST search against Chlamydia spp using
S. enterica Typhimurium ScsA, ScsB, ScsC or ScsD as
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search terms only identifies a ScsB homolog in
Chlamydia spp (Table S1A-D). This is consistent with the
reported lack of an ScsC homolog in Chlamydiales (Cho
et al. 2012). But this leaves open the questions of which
family of oxidoreductases this protein belongs to and
which proteins it potentially interacts with. The DsbD
homologues in the Chlamydiacea are generally more
closely related to S. typhimurium ScsB (25–27%
sequence identity, data not shown) than to E. coli DsbD
(24%, Table 1). Although not conclusive, this supports
the theory that the chlamydial DsbD belongs to the
ScsB family
A BLAST search of C. pneumoniae TW-183 DsbH
revealed that, apart from being highly conserved
amongst members of the Chlamydia genus, DsbH is pri-
marily found in anaerobic or acidophilic Gram-negative
bacteria (Table S1E). Similar to Chlamydia, anaerobic
Gram-negative bacteria have a high number of secreted
and transmembrane proteins with an odd number of
cysteines (57% compared to 39% in E. coli) (Dutton
et al. 2008; Mac et al. 2008).
DsbH is thought to be responsible for maintaining a
reducing environment in the chlamydial periplasm to
prevent unpaired cysteines forming non-native
Table 1. Chlamydial Dsb proteins were identified by a BLASTp 2.8.0þ search using stand-







DsbA C. trachomatis 99 19%
C. muridarum 89 19%
C. suis 86 19%
C. felis 75 21%
C. abortus 74 21%
C. psittaci 73 21%
C. cavie 72 21%
C. pneumoniae 72 20%
C. gallinacean 68 20%
C. avium 68 19%
DsbB C. trachomatis 100 22%
C. muridarum 86 20%
C. suis 85 22%
C. gallinacea 75 19%
C. psittaci 74 19%
C. abortus 73 20%
C. pneumoniae 73 20%
C. cavie 73 20%
C. avium 72 19%
C. felis 69 19%
DsbD C. trachomatis 99–100 22%
C. suis 80 20%
C. muridarum 78 21%
C. psittaci 56 24%
C. felis 55 24%
C. abortus 54 24%
C. cavie 54 24%
C. pneumoniae 54 24%
C. gallinacea 52 24%
C. avium 50 23%
DsbH C. trachomatis 99–100 Not in E. coli
C. muridarum 79 Not in E. coli
C. suis 75 Not in E. coli
C. pneumoniae 51 Not in E. coli
C. psittaci 51 Not in E. coli
C. abortus 51 Not in E. coli
C. felis 50 Not in E. coli
C. cavie 48 Not in E. coli
C. gallinacea 47 Not in E. coli
DsbJ C. trachomatis 99–100 Not in E. coli
C. suis 85 Not in E. coli
C. muridarum 81 Not in E. coli
C. ibidis 58 Not in E. coli
C. abortus 55 Not in E. coli
C. felis 55 Not in E. coli
C. caviae 54 Not in E. coli
C. pecorum 54 Not in E. coli
C. pneumoniae 54 Not in E. coli
C. gallinacea 53 Not in E. coli
C. psittaci 51 Not in E. coli
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intermolecular disulphide bonds (Mac et al. 2008). This
is interesting in light of recent findings that the C. tra-
chomatis periplasm is reducing in the early phases of
the developmental cycle and increasingly oxidizing as
infection proceeds. This is in contrast to the cytoplasm,
endoplasmic reticulum, and mitochondria where the
redox environment is unchanged until the cell dies.
(Wang et al. 2014). Structural and biochemical charac-
terization of DsbH revealed that DsbH is a periplasmic
disulphide reductase with functional properties that
resemble those of the reductase thioredoxin and the C-
terminal domain of E. coli DsbD (DsbDc) and with a
redox potential (269mV) approaching that of E. coli
thioredoxin (270mV) (Mac et al. 2008). In accordance
with this DsbH adopts a thioredoxin fold with topology
identical to thioredoxin and similar to DsbDc. DsbH is
distinguished from thioredoxin by strand b5 being only
loosely connected to the central b-sheet and it has
been suggested that this change might be responsible
for the different roles of thioredoxin and DsbH. As
DsbD in E. coli is responsible for the reduction of DsbC
and DsbE, two proteins with disulphide reductase activ-
ity, in Chlamydia DsbD is a possible redox partner for
the disulphide reductase DsbH.
DsbJ is highly conserved within the Chlamydia genus,
but not found outside the Chlamydiae phylum (Table
S1F). This suggests that DsbJ has a unique and specialized
role in Chlamydia. Although distantly related to other thio-
redoxin-fold proteins, DsbJ lacks a catalytic CXXC motif. It
has previously been suggested that DsbJ has a regulatory
effect on DsbH, although a mechanism behind a possible
regulation has not been described (Wang et al. 2014). As
DsbJ is a late gene (expressed 16h post-infection)
(Belland et al. 2003) one possibility is that DsbJ negatively
regulates DsbH reductase activity, thereby allowing Dsb
formation in the late stages of chlamydial development.
This would be an important role in the switch from a
reducing to an oxidizing Chlamydia periplasm. As
Chlamydia spp, to the best of our knowledge, are the only
bacteria that exhibit a shift in the redox environment of
the periplasm, such a role would be consistent with DsbJ
being found only in Chlamydia.
Conclusions and future directions
In this review, we have summarized how the redox state
of cysteine-rich proteins in the chlamydial envelope
accompanies progression of the chlamydial developmen-
tal cycle. An important question that remains to be
answered is the interplay between different extra-
cytoplasmic oxidoreductases and how the correct redox
state of COMC is secured during the developmental cycle.
Chlamydia, a Gram-negative intracellular parasite,
encodes – in common with most other Gram-negative
bacteria – the DsbA, DsbB, and DsbD enzymes. In add-
ition, Chlamydia share the rare oxidoreductase DsbH
with anaerobic and acidophilic Gram-negative bacteria.
This variation in Dsb repertoire among bacteria empha-
sizes the important and ubiquitous role that protein
disulphide bonds, and their regulation, play in bacterial
lifestyle. Unpicking the specific roles of the Dsb proteins
and their mutual interaction is impaired by Chlamydia
being refractory to routine genetic manipulations.
However, in the light of recent advances in genetic
manipulation of Chlamydia (Bastidas and Valdivia 2016;
Ouellette 2018), we might soon be able to investigate
the role of Dsb proteins to gain a deeper insight into
the Dsb formation and degradation in the chlamydial
developmental cycle.
Disulphide-dependent infection and development
are unique to Chlamydia among bacteria, even though
the suite of Dsb proteins in Chlamydia is, with the
exception of DsbJ, present in other bacteria. Homologs
of the canonical oxidative pathway in bacteria, DsbA
and DsbB, are widely found across Chlamydia suggest-
ing that the Dsb formation machinery operates in a
similar manner in Chlamydia. DsbH seems to play a spe-
cialized role in Gram-negative bacteria with a high pro-
portion of secreted and membrane proteins with an
odd number of cysteines i.e. Chlamydia and anaerobic
bacteria (Dutton et al. 2008; Mac et al. 2008). The pro-
posed DsbJ-mediated regulation of DsbH suggests that,
although the suite of Dsb protein in Chlamydia is not
markedly different from other Gram-negative bacteria,
the redox processes might be subject to tighter regula-
tion. This supports the hypothesis that these intracellu-
lar bacteria utilize specialized Dsb proteins to meet the
specific needs of the intra- and extracellular phases.
Hence, for Chlamydia at least, life is indeed different on
the inside.
Disclosure statement
The authors report no conflict of interest.
ORCID
Signe Christensen http://orcid.org/0000-0001-9556-1545
Roisın M. McMahon http://orcid.org/0000-0001-5437-0355
Jennifer L. Martin http://orcid.org/0000-0002-9225-8863
Wilhelmina M. Huston http://orcid.org/0000-0002-
0879-1287
12 S. CHRISTENSEN ET AL.
References
Abromaitis S, Stephens RS. 2009. Attachment and entry of
Chlamydia have distinct requirements for host protein
disulfide isomerase. Plos Pathog. 5(4):e1000357.
Adams LA, Sharma P, Mohanty B, Ilyichova OV, Mulcair MD,
Williams ML, Gleeson EC, Totsika M, Doak BC, Caria S.
2015. Application of fragment-based screening to the
design of inhibitors of Escherichia coli DsbA. Angew Chem
Int Ed Engl. 54:2179–2184.
Allen JE, Cerrone MC, Beatty PR, Stephens RS. 1990. Cysteine-
rich outer membrane proteins of Chlamydia trachomatis
display compensatory sequence changes between biovar-
iants. Mol Microbiol. 4:1543–1550.
Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W, Lipman DJ. 1997. Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs.
Nucleic Acids Res. 25:3389–3402.
Arts IS, Ball G, Leverrier P, Garvis S, Nicolaes V, Vertommen
D, Ize B, Tamu Dufe V, Messens J, Voulhoux R. 2013.
Dissecting the machinery that introduces disulfide bonds
in Pseudomonas aeruginosa. MBio. 4:e00912–e00913.
Atanu FO, Oviedo-Orta E, Watson KA. 2013. A novel transport
mechanism for MOMP in Chlamydophila pneumoniae and
its putative role in immune-therapy. PLoS One. 8:e61139
Bader M, Muse W, Ballou DP, Gassner C, Bardwell JC. 1999.
Oxidative protein folding is driven by the electron trans-
port system. Cell. 98:217–227.
Barbouche R, Miquelis R, Jones IM, Fenouillet E. 2003.
Protein-disulfide isomerase-mediated reduction of two
disulfide bonds of HIV envelope glycoprotein 120 occurs
post-CXCR4 binding and is required for fusion. J Biol
Chem. 278:3131–3136.
Bardwell JC, McGovern K, Beckwith J. 1991. Identification of
a protein required for disulfide bond formation in vivo.
Cell. 67:581–589.
Bastidas RJ, Valdivia RH. 2016. Emancipating Chlamydia:
advances in the genetic manipulation of a recalcitrant
intracellular pathogen. Microbiol Mol Biol Rev. 80:411–427.
Bavoil PM. 2014. What’s in a word: the use, misuse, and
abuse of the word “persistence” in Chlamydia biology.
Front Cell Infect Microbiol. 4:27
Bavoil P, Ohlin A, Schachter J. 1984. Role of disulfide bond-
ing in outer membrane structure and permeability in
Chlamydia trachomatis. Infect Immun. 44:479–485.
Bayan N, Houssin C, Chami M, Leblon G. 2003.
Mycomembrane and S-layer: two important structures of
Corynebacterium glutamicum cell envelope with promising
biotechnology applications. J Biotechnol. 104:55–67.
Beatty WL, Belanger TA, Desai AA, Morrison RP, Byrne GI.
1994a. Role of tryptophan in gamma interferon-mediated
chlamydial persistence. Ann NY Acad Sci. 730:304–306.
Beatty WL, Belanger TA, Desai AA, Morrison RP, Byrne GI.
1994b. Tryptophan depletion as a mechanism of gamma
interferon-mediated chlamydial persistence. Infect Immun.
62:3705–3711.
Beatty WL, Byrne GI, Morrison RP. 1993. Morphologic and
antigenic characterization of interferon gamma-mediated
persistent Chlamydia trachomatis infection in vitro. Proc
Natl Acad Sci U S A. 90:3998–4002.
Becker E, Hegemann JH. 2014. All subtypes of the Pmp adhe-
sin family are implicated in chlamydial virulence and show
species-specific function. Microbiologyopen. 3:544–556.
Beeby M, O’Connor BD, Ryttersgaard C, Boutz DR, Perry LJ,
Yeates TO. 2005. The Genomics of disulfide bonding and
protein stabilization in thermophiles. Plos Biol. 3:
1549–1558.
Belland RJ, Zhong G, Crane DD, Hogan D, Sturdevant D,
Sharma J, Beatty WL, Caldwell HD. 2003. Genomic tran-
scriptional profiling of the developmental cycle of
Chlamydia trachomatis. Proc Natl Acad Sci U S A. 100:
8478–8483.
Berkmen M. 2012. Production of disulfide-bonded proteins in
Escherichia coli. Protein Expr Purif. 82:240–251.
Berkmen M, Boyd D, Beckwith J. 2005. The nonconsecutive
disulfide bond of Escherichia coli phytase (AppA) renders
it dependent on the protein-disulfide isomerase, DsbC. J
Biol Chem. 280:11387–11394.
Betts HJ, Twiggs LE, Sal MS, Wyrick PB, Fields KA. 2008.
Bioinformatic and biochemical evidence for the identifica-
tion of the type III secretion system needle protein of
Chlamydia trachomatis. J Bacteriol. 190:1680–1690.
Betts-Hampikian HJ, Fields KA. 2011. Disulfide bonding within
components of the Chlamydia type III secretion apparatus
correlates with development. J Bacteriol. 193:6950–6959.
Birkelund S, Morgan-Fisher M, Timmerman E, Gevaert K,
Shaw AC, Christiansen G. 2009. Analysis of proteins in
Chlamydia trachomatis L2 outer membrane complex,
COMC. FEMS Immunol Med Microbiol. 55:187–195.
Bocian-Ostrzycka KM, Grzeszczuk MJ, Banas AM, Jagusztyn-
Krynicka EK. 2017. Bacterial thiol oxidoreductases - from
basic research to new antibacterial strategies. Appl
Microbiol Biotechnol. 101:3977–3989.
Bocian-Ostrzycka KM, Grzeszczuk MJ, Dziewit L, Jagusztyn-
Krynicka EK. 2015. Diversity of the Epsilonproteobacteria
Dsb (disulfide bond) systems. Front Microbiol. 6:570
Bolhuis A, Venema G, Quax WJ, Bron S, van Dijl JM. 1999.
Functional analysis of paralogous thiol-disulfide oxidoreduc-
tases in Bacillus subtilis. J Biol Chem. 274:24531–24538.
Boutz DR, Cascio D, Whitelegge J, Perry LJ, Yeates TO. 2007.
Discovery of a thermophilic protein complex stabilized by
topologically interlinked chains. J Mol Biol. 368:1332–1344.
Bouwman CW, Kohli M, Killoran A, Touchie GA, Kadner RJ,
Martin NL. 2003. Characterization of SrgA, a Salmonella
enterica serovar Typhimurium virulence plasmid-encoded
paralogue of the disulfide oxidoreductase DsbA, essential
for biogenesis of plasmid-encoded fimbriae. J Bacteriol.
185:991–1000.
Cacciapuoti G, Moretti MA, Forte S, Brio A, Camardella L,
Zappia V, Porcelli M. 2004. Methylthioadenosine phosphor-
ylase from the archaeon Pyrococcus furiosus - mechanism
of the reaction and assignment of disulfide bonds. Eur J
Biochem. 271:4834–4844.
Caldwell HD, Kromhout J, Schachter J. 1981. Purification and
partial characterization of the major outer membrane pro-
tein of Chlamydia trachomatis. Infect Immun. 31:1161–1176.
Charbonnier JB, Belin P, Moutiez M, Stura EA, Quemeneur E.
1999. On the role of the cis-proline residue in the active
site of DsbA. Protein Sci. 8:96–105.
Chivers PT, Prehoda KE, Raines RT. 1997. The CXXC motif: a
rheostat in the active site. Biochemistry. 36:4061–4066.
CRITICAL REVIEWS IN MICROBIOLOGY 13
Cho SH, Collet JF. 2013. Many roles of the bacterial envelope
reducing pathways. Antioxid Redox Signal. 18:1690–1698.
Cho SH, Parsonage D, Thurston C, Dutton RJ, Poole LB, Collet
JF, Beckwith J. 2012. A new family of membrane electron
transporters and its substrates, including a new cell enve-
lope peroxiredoxin, reveal a broadened reductive capacity
of the oxidative bacterial cell envelope. mBio. 3:e00291-
00211–e00291-00211.
Christensen S, Groftehauge MK, Byriel K, Huston WM, Furlong
E, Heras B, Martin JL, McMahon RM. 2016. Structural and
biochemical characterization of Chlamydia trachomatis
DsbA reveals a cysteine-rich and weakly oxidising oxidore-
ductase. PLoS One. 11:e0168485
Clifton DR, Fields KA, Grieshaber SS, Dooley CA, Fischer ER,
Mead DJ, Carabeo RA, Hackstadt T. 2004. A chlamydial
type III translocated protein is tyrosine-phosphorylated at
the site of entry and associated with recruitment of actin.
Proc Natl Acad Sci U S A. 101:10166–10171.
Conant CG, Stephens RS. 2007. Chlamydia attachment to
mammalian cells requires protein disulfide isomerase. Cell
Microbiol. 9:222–232.
Crane DD, Carlson JH, Fischer ER, Bavoil P, Hsia RC, Tan C,
Kuo CC, Caldwell HD. 2006. Chlamydia trachomatis poly-
morphic membrane protein D is a species-common pan-
neutralizing antigen. Proc Natl Acad Sci U S A. 103:
1894–1899.
D’Ambrosio K, Pedone E, Langella E, De Simone G, Rossi M,
Pedone C, Bartolucci S. 2006. A novel member of the pro-
tein disulfide oxidoreductase family from Aeropyrum per-
nix K1: structure, function and electrostatics. J Mol Biol.
362:743–752.
Damiani MT, Gambarte Tudela J, Capmany A. 2014. Targeting
eukaryotic Rab proteins: a smart strategy for chlamydial
survival and replication. Cell Microbiol. 16:1329–1338.
Depuydt M, Leonard SE, Vertommen D, Denoncin K,
Morsomme P, Wahni K, Messens J, Carroll KS, Collet JF.
2009. A periplasmic reducing system protects single cyst-
eine residues from oxidation. Science. 326:1109–1111.
Dumoulin A, Grauschopf U, Bischoff M, Thony-Meyer L,
Berger-Bachi B. 2005. Staphylococcus aureus DsbA is a
membrane-bound lipoprotein with thiol-disulfide oxidore-
ductase activity. Arch Microbiol. 184:117–128.
Dutton RJ, Boyd D, Berkmen M, Beckwith J. 2008. Bacterial
species exhibit diversity in their mechanisms and capacity
for protein disulfide bond formation. Proc Natl Acad Sci U
S A. 105:11933–11938.
Everett KD, Hatch TP. 1991. Sequence analysis and lipid
modification of the cysteine-rich envelope proteins of
Chlamydia psittaci 6BC. J Bacteriol. 173:3821–3830.
Fadel S, Eley A. 2007. Chlamydia trachomatis OmcB protein
is a surface-exposed glycosaminoglycan-dependent adhe-
sin. J Med Microbiol. 56:15–22.
Fadel S, Eley A. 2008. Differential glycosaminoglycan binding
of Chlamydia trachomatis OmcB protein from serovars E
and LGV. J Med Microbiol. 57:1058–1061.
Fechtner T, Stallmann S, Moelleken K, Meyer KL, Hegemann
JH. 2013. Characterization of the interaction between the
chlamydial adhesin OmcB and the human host cell. J
Bacteriol. 195:5323–5333.
Feher VA, Randall A, Baldi P, Bush RM, de la Maza LM, Amaro
RE. 2013. A 3-dimensional trimeric b-barrel model for
Chlamydia MOMP contains conserved and novel elements
of Gram-negative bacterial porins. PLoS One. 8:e68934
Fenouillet E, Barbouche R, Courageot J, Miquelis R. 2001. The
catalytic activity of protein disulfide isomerase is involved
in human immunodeficiency virus envelope-mediated
membrane fusion after CD4 cell binding. J Infect Dis. 183:
744–752.
Ferrell JC, Fields KA. 2016. A working model for the type III
secretion mechanism in Chlamydia. Microbes Infect. 18:
84–92.
Findlay HE, McClafferty H, Ashley RH. 2005. Surface expres-
sion, single-channel analysis and membrane topology of
recombinant Chlamydia trachomatis major outer mem-
brane protein. BMC Microbiol. 5:5
Fruh V, Zhou Y, Chen D, Loch C, Ab E, Grinkova YN, Verheij
H, Sligar SG, Bushweller JH, Siegal G. 2010. Application of
fragment-based drug discovery to membrane proteins:
identification of ligands of the integral membrane enzyme
DsbB. Chem Biol. 17:881–891.
Furlong EJ, Choudhury HG, Kurth F, Duff AP, Whitten AE,
Martin JL. 2018. Disulfide isomerase activity of the
dynamic, trimeric Proteus mirabilis ScsC protein is primed
by the tandem immunoglobulin-fold domain of ScsB. J
Biol Chem. 293:5793–5895.
Furlong EJ, Lo AW, Kurth F, Premkumar L, Totsika M, Achard
MES, Halili MA, Heras B, Whitten AE, Choudhury HG, et al.
2017. A shape-shifting redox foldase contributes to
Proteus mirabilis copper resistance. Nat Commun. 8:16065.
Gallina A, Hanley TM, Mandel R, Trahey M, Broder CC,
Viglianti GA, Ryser HJ. 2002. Inhibitors of protein-disulfide
isomerase prevent cleavage of disulfide bonds in receptor-
bound glycoprotein 120 and prevent HIV-1 entry. J Biol
Chem. 277:50579–50588.
Gambarte Tudela J, Capmany A, Romao M, Quintero C,
Miserey-Lenkei S, Raposo G, Goud B, Damiani MT. 2015.
The late endocytic Rab39a GTPase regulates the inter-
action between multivesicular bodies and chlamydial
inclusions. J Cell Sci. 128:3068–3081.
Gerard HC, Krausse-Opatz B, Wang Z, Rudy D, Rao JP, Zeidler
H, Schumacher HR, Whittum-Hudson JA, Kohler L, Hudson
AP. 2001. Expression of Chlamydia trachomatis genes
encoding products required for DNA synthesis and cell
division during active versus persistent infection. Mol
Microbiol. 41:731–741.
Grimshaw JP, Stirnimann CU, Brozzo MS, Malojcic G, Grutter
MG, Capitani G, Glockshuber R. 2008. DsbL and DsbI form
a specific dithiol oxidase system for periplasmic arylsulfate
sulfotransferase in uropathogenic Escherichia coli. J Mol
Biol. 380:667–680.
Gruber CW, Cemazar M, Heras B, Martin JL, Craik DJ. 2006.
Protein disulfide isomerase: the structure of oxidative fold-
ing. Trends Biochem Sci. 31:455–464.
Guagliardi A, Cerchia L, Camardella L, Rossi M, Bartolucci S.
1994. Dbf (disulfide bond-forming) enzyme from the
hyperthermophilic Archaebacterium Sulfolobus-Solfataricus
behaves like a molecular chaperone. Biocatalysis. 11:
181–190.
Guelorget A, Roovers M, Guerineau V, Barbey C, Li XA,
Golinelli-Pimpaneau B. 2010. Insights into the hyperther-
mostability and unusual region-specificity of archaeal
Pyrococcus abyssi tRNA m(1)A57/58 methyltransferase.
Nucleic Acids Research. 38:6206–6218.
14 S. CHRISTENSEN ET AL.
Gupta SD, Wu HC, Rick PD. 1997. A Salmonella typhimurium
genetic locus which confers copper tolerance on copper-
sensitive mutants of Escherichia coli. J Bacteriol. 179:
4977–4984.
Hackstadt T, Todd WJ, Caldwell HD. 1985. Disulfide-mediated
interactions of the chlamydial major outer membrane pro-
tein: role in the differentiation of chlamydiae? J Bacteriol.
161:25–31.
Halili MA, Bachu P, Lindahl F, Bechara C, Mohanty B, Reid RC,
Scanlon MJ, Robinson CV, Fairlie DP, Martin JL. 2015. Small
molecule inhibitors of disulfide bond formation by the
bacterial DsbA-DsbB dual enzyme system. ACS Chem Biol.
10:957–964.
Harper A, Pogson CI, Pearce JH. 2000. Amino acid transport
into cultured McCoy cells infected with Chlamydia tracho-
matis. Infect Immun. 68:5439–5442.
Hatahet F, Ruddock LW. 2013. Topological plasticity of
enzymes involved in disulfide bond formation allows
catalysis in either the periplasm or the cytoplasm. J Mol
Biol. 425:3268–3276.
Hatch TP. 1975. Competition between Chlamydia psittaci and
L cells for host isoleucine pools: a limiting factor in chla-
mydial multiplication. Infect Immun. 12:211–220.
Hatch TP. 1996. Disulfide cross-linked envelope proteins: the
functional equivalent of peptidoglycan in chlamydiae? J
Bacteriol. 178:1–5.
Hatch TP, Allan I, Pearce JH. 1984. Structural and polypeptide
differences between envelopes of infective and reproduct-
ive life cycle forms of Chlamydia spp. J Bacteriol. 157:
13–20.
Hatch TP, Miceli M, Sublett JE. 1986. Synthesis of disulfide-
bonded outer membrane proteins during the develop-
mental cycle of Chlamydia psittaci and Chlamydia tracho-
matis. J Bacteriol. 165:379–385.
Heras B, Edeling MA, Schirra HJ, Raina S, Martin JL. 2004.
Crystal structures of the DsbG disulfide isomerase reveal
an unstable disulfide. Proc Natl Acad Sci U S A. 101:
8876–8881.
Heras B, Shouldice SR, Totsika M, Scanlon MJ, Schembri MA,
Martin JL. 2009. DSB proteins and bacterial pathogenicity.
Nat Rev Microbiol. 7:215–225.
Heras B, Totsika M, Jarrott R, Shouldice SR, Guncar G, Achard
ME, Wells TJ, Argente MP, McEwan AG, Schembri MA.
2010. Structural and functional characterization of three
DsbA paralogues from Salmonella enterica serovar typhi-
murium. J Biol Chem. 285:18423–18432.
Hibender S, Landeta C, Berkmen M, Beckwith J, Boyd D.
2017. Aeropyrum pernix membrane topology of protein
VKOR promotes protein disulfide bond formation in two
subcellular compartments. Microbiology (Reading, Engl).
163:1864–1879.
Hiniker A, Bardwell JC. 2004. In vivo substrate specificity of
periplasmic disulfide oxidoreductases. J Biol Chem. 279:
12967–12973.
Huber-Wunderlich M, Glockshuber R. 1998. A single dipep-
tide sequence modulates the redox properties of a whole
enzyme family. Fold Des. 3:161–171.
Hybiske K, Stephens RS. 2007. Mechanisms of host cell exit
by the intracellular bacterium Chlamydia. Proc Natl Acad
Sci U S A. 104:11430–11435.
Ireland PM, McMahon RM, Marshall LE, Halili M, Furlong E,
Tay S, Martin JL, Sarkar-Tyson M. 2014. Disarming
Burkholderia pseudomallei: structural and functional charac-
terization of a disulfide oxidoreductase (DsbA) required for
virulence in vivo. Antioxid Redox Signal. 20:606–617.
Jackson MW, Plano GV. 1999. DsbA is required for stable
expression of outer membrane protein YscC and for effi-
cient Yop secretion in Yersinia pestis. J Bacteriol. 181:
5126–5130.
Jacob-Dubuisson F, Pinkner J, Xu Z, Striker R, Padmanhaban
A, Hultgren SJ. 1994. PapD chaperone function in pilus
biogenesis depends on oxidant and chaperone-like activ-
ities of DsbA. Proc Natl Acad Sci U S A. 91:11552–11556.
Jorda J, Yeates TO. 2011. Widespread disulfide bonding in
proteins from thermophilic archaea. Archaea. 2011:409156
Kadokura H, Beckwith J. 2010. Mechanisms of oxidative pro-
tein folding in the bacterial cell envelope. Antioxid Redox
Signal. 13:1231–1246.
Karlstrom M, Stokke R, Steen IH, Birkeland NK, Ladenstein R.
2005. Isocitrate dehydrogenase from the hyperthermophile
Aeropyrum pernix: X-ray structure analysis of a ternary
enzyme-substrate complex and thermal stability. J Mol
Biol. 345:559–577.
Kerr MC, Gomez GA, Ferguson C, Tanzer MC, Murphy JM,
Yap AS, Parton RG, Huston WM, Teasdale RD. 2017. Laser-
mediated rupture of chlamydial inclusions triggers patho-
gen egress and host cell necrosis. Nat Commun. 8:14729
Kobayashi T, Kishigami S, Sone M, Inokuchi H, Mogi T, Ito K.
1997. Respiratory chain is required to maintain oxidized
states of the DsbA-DsbB disulfide bond formation system
in aerobically growing Escherichia coli cells. Proc Natl
Acad Sci U S A. 94:11857–11862.
Koehler L, Nettelnbreker E, Hudson AP, Ott N, Gerard HC,
Branigan PJ, Schumacher HR, Drommer W, Zeidler H. 1997.
Ultrastructural and molecular analyses of the persistence
of Chlamydia trachomatis (serovar K) in human mono-
cytes. Microb Pathog. 22:133–142.
Kouwen TR, van der Goot A, Dorenbos R, Winter T,
Antelmann H, Plaisier MC, Quax WJ, van Dijl JM, Dubois
JY. 2007. Thiol-disulphide oxidoreductase modules in the
low-GC Gram-positive bacteria. Mol Microbiol. 64:984–999.
Kpadeh ZZ, Jameson-Lee M, Yeh AJ, Chertihin O, Shumilin IA,
Dey R, Day SR, Hoffman PS. 2013. Disulfide bond oxidore-
ductase DsbA2 of Legionella pneumophila exhibits protein
disulfide isomerase activity. J Bacteriol. 195:1825–1833.
Kuroita T, Kanno T, Kawai A, Kawakami B, Oka M, Endo Y,
Tozawa Y. 2007. Functional similarities of a thermostable
protein-disulfide oxidoreductase identified in the archaeon
Pyrococcus horikoshii to bacterial DsbA enzymes.
Extremophiles. 11:85–94.
Ladenstein R, Ren B. 2008. Reconsideration of an early
dogma, saying “there is no evidence for disulfide bonds in
proteins from archaea”. Extremophiles. 12:29–38.
Lafaye C, Iwema T, Carpentier P, Jullian-Binard C, Kroll JS,
Collet JF, Serre L. 2009. Biochemical and structural study
of the homologues of the thiol-disulfide oxidoreductase
DsbA in Neisseria meningitidis. J Mol Biol. 392:952–966.
Landeta C, Blazyk JL, Hatahet F, Meehan BM, Eser M, Myrick
A, Bronstain L, Minami S, Arnold H, Ke N, et al. 2015.
Compounds targeting disulfide bond forming enzyme
DsbB of Gram-negative bacteria. Nat Chem Biol. 11:
292–298.
Landeta C, Boyd D, Beckwith J. 2018. Disulfide bond forma-
tion in prokaryotes. Nat Microbiol. 3:270–280.
CRITICAL REVIEWS IN MICROBIOLOGY 15
Lazarev VN, Borisenko GG, Shkarupeta MM, Demina IA,
Serebryakova MV, Galyamina MA, Levitskiy SA, Govorun
VM. 2010. The role of intracellular glutathione in the pro-
gression of Chlamydia trachomatis infection. Free Radic
Biol Med. 49:1947–1955.
Lee JK, Enciso GA, Boassa D, Chander CN, Lou TH, Pairawan
SS, Guo MC, Wan FYM, Ellisman MH, Sutterlin C, et al.
2018. Replication-dependent size reduction precedes dif-
ferentiation in Chlamydia trachomatis. Nat Commun. 9:45
Lester J, Kichler S, Oickle B, Fairweather S, Oberc A, Chahal J,
Ratnayake D, Creuzenet C. 2015. Characterization of
Helicobacter pylori HP0231 (DsbK): role in disulfide bond
formation, redox homeostasis and production of
Helicobacter cystein-rich protein HcpE. Mol Microbiol. 96:
110–133.
Li WK, Schulman S, Dutton RJ, Boyd D, Beckwith J, Rapoport
TA. 2010. Structure of a bacterial homologue of vitamin K
epoxide reductase. Nature. 463:507–512.
Lin D, Kim B, Slauch JM. 2009. DsbL and DsbI contribute to
periplasmic disulfide bond formation in Salmonella enter-
ica serovar Typhimurium. Microbiology. 155:4014–4024.
Lin D, Rao CV, Slauch JM. 2008. The Salmonella SPI1 type
three secretion system responds to periplasmic disulfide
bond status via the flagellar apparatus and the RcsCDB
system. J Bacteriol. 190:87–97.
Liu X, Afrane M, Clemmer DE, Zhong G, Nelson DE. 2010.
Identification of Chlamydia trachomatis outer membrane
complex proteins by differential proteomics. J Bacteriol.
192:2852–2860.
Mac TT, von Hacht A, Hung KC, Dutton RJ, Boyd D, Bardwell
JC, Ulmer TS. 2008. Insight into disulfide bond catalysis in
Chlamydia from the structure and function of DsbH, a
novel oxidoreductase. J Biol Chem. 283:824–832.
Mallick P, Boutz DR, Eisenberg D, Yeates TO. 2002. Genomic
evidence that the intracellular proteins of archaeal
microbes contain disulfide bonds. Proc Natl Acad Sci U S
A. 99:9679–9684.
Mariano G, Monlezun L, Coulthurst SJ. 2018. Dual Role for
DsbA in attacking and targeted bacterial cells during type
VI secretion system-mediated competition. Cell Rep. 22:
774–785.
Markovic I, Stantchev TS, Fields KH, Tiffany LJ, Tomic M,
Weiss CD, Broder CC, Strebel K, Clouse KA. 2004. Thiol/
disulfide exchange is a prerequisite for CXCR4-tropic HIV-1
envelope-mediated T-cell fusion during viral entry. Blood.
103:1586–1594.
Martin JL, Bardwell JC, Kuriyan J. 1993. Crystal structure of
the DsbA protein required for disulphide bond formation
in vivo. Nature. 365:464–468.
Matias VRF, Beveridge TJ. 2005. Cryo-electron microscopy
reveals native polymeric cell wall structure in Bacillus subti-
lis 168 and the existence of a periplasmic space. Mol
Microbiol. 56:240–251.
Mcfarlan SC, Terrell CA, Hogenkamp HPC. 1992. The purifica-
tion, characterization, and primary structure of a small
redox protein from Methanobacterium thermoautotrophi-
cum, an archaebacterium. J Biol Chem. 267:10561–10569.
McMahon RM, Premkumar L, Martin JL. 2014. Four structural
subclasses of the antivirulence drug target disulfide oxi-
doreductase DsbA provide a platform for design of sub-
class-specific inhibitors. Biochim Biophys Acta. 1844:
1391–1401.
Miki T, Okada N, Danbara H. 2004. Two periplasmic disulfide
oxidoreductases, DsbA and SrgA, target outer membrane
protein SpiA, a component of the Salmonella pathogen-
icity island 2 type III secretion system. J Biol Chem. 279:
34631–34642.
Miki T, Okada N, Kim Y, Abe A, Danbara H. 2008. DsbA
directs efficient expression of outer membrane secretin
EscC of the enteropathogenic Escherichia coli type III
secretion apparatus. Microb Pathog. 44:151–158.
Moelleken K, Hegemann JH. 2008. The Chlamydia outer
membrane protein OmcB is required for adhesion and
exhibits biovar-specific differences in glycosaminoglycan
binding. Mol Microbiol. 67:403–419.
Molleken K, Schmidt E, Hegemann JH. 2010. Members of the
Pmp protein family of Chlamydia pneumoniae mediate
adhesion to human cells via short repetitive peptide
motifs. Mol Microbiol. 78:1004–1017.
Mukhopadhyay S, Good D, Miller RD, Graham JE, Mathews
SA, Timms P, Summersgill JT. 2006. Identification of
Chlamydia pneumoniae proteins in the transition from
reticulate to elementary body formation. Mol Cell
Proteomics. 5:2311–2318.
Mygind PH, Christiansen G, Roepstorff P, Birkelund S. 2000.
Membrane proteins PmpG and PmpH are major constitu-
ents of Chlamydia trachomatis L2 outer membrane com-
plex. FEMS Microbiol Lett. 186:163–169.
Nans A, Saibil HR, Hayward RD. 2014. Pathogen-host reorgan-
ization during Chlamydia invasion revealed by cryo-elec-
tron tomography. Cell Microbiol. 16:1457–1472.
Newhall WJt. 1987. Biosynthesis and disulfide cross-linking of
outer membrane components during the growth cycle of
Chlamydia trachomatis. Infect Immun. 55:162–168.
Nicholson TL, Olinger L, Chong K, Schoolnik G, Stephens RS.
2003. Global stage-specific gene regulation during the
developmental cycle of Chlamydia trachomatis. J Bacteriol.
185:3179–3189.
Nikaido H. 2003. Molecular basis of bacterial outer mem-
brane permeability revisited. Microbiol Mol Biol Rev. 67:
593–656.
Ou W, Silver J. 2006. Role of protein disulfide isomerase and
other thiol-reactive proteins in HIV-1 envelope protein-
mediated fusion. Virology. 350:406–417.
Ouellette SP. 2018. Feasibility of a conditional knockout sys-
tem for Chlamydia based on CRISPR interference. Front
Cell Infect Microbiol. 8:59
Pedone E, Limauro D, D’Alterio R, Rossi M, Bartolucci S. 2006.
Characterization of a multifunctional protein disulfide oxi-
doreductase from Sulfolobus solfataricus. Febs J. 273:
5407–5420.
Pedone E, Ren B, Ladenstein R, Rossi M, Bartolucci S. 2004.
Functional properties of the protein disulfide oxidoreduc-
tase from the archaeon Pyrococcus furiosus: a member of a
novel protein family related to protein disulfide-isomerase.
Eur J Biochem. 271:3437–3448.
Peeling RW, Peeling J, Brunham RC. 1989. High-resolution
31P nuclear magnetic resonance study of Chlamydia tra-
chomatis: induction of ATPase activity in elementary
bodies. Infect Immun. 57:3338–3344.
Plano GV, Schesser K. 2013. The Yersinia pestis type III secre-
tion system: expression, assembly and role in the evasion
of host defenses. Immunol Res. 57:237–245.
16 S. CHRISTENSEN ET AL.
Pugsley AP, Bayan N, Sauvonnet N. 2001. Disulfide bond for-
mation in secreton component PulK provides a possible
explanation for the role of DsbA in pullulanase secretion. J
Bacteriol. 183:1312–1319.
Quan S, Schneider I, Pan J, Von Hacht A, Bardwell JCA. 2007.
The CXXC motif is more than a redox rheostat. J Biol
Chem. 282:28823–28833.
Raczko AM, Bujnicki JM, Pawlowski M, Godlewska R,
Lewandowska M, Jagusztyn KEK. 2005. Characterization of
new DsbB-like thioloxidoreductases of Campylobacter
jejuni and Helicobacter pylori and classification of the DsbB
family based on phylogenomic, structural and functional
criteria. Microbiology. 151:219–231.
Raulston JE, Davis CH, Paul TR, Hobbs JD, Wyrick PB. 2002.
Surface accessibility of the 70-kilodalton Chlamydia tracho-
matis heat shock protein following reduction of outer
membrane protein disulfide bonds. Infect Immun. 70:
535–543.
Ren G, Champion MM, Huntley JF. 2014. Identification of
disulfide bond isomerase substrates reveals bacterial viru-
lence factors. Mol Microbiol. 94:926–944.
Ren G, Stephan D, Xu Z, Zheng Y, Tang D, Harrison RS, Kurz
M, Jarrott R, Shouldice SR, Hiniker A, et al. 2009. Properties
of the thioredoxin fold superfamily are modulated by a
single amino acid residue. J Biol Chem. 284:10150–10159.
Ren B, Tibbelin G, de Pascale D, Rossi M, Bartolucci S,
Ladenstein R. 1998. A protein disulfide oxidoreductase
from the archaeon Pyrococcus furiosus contains two thiore-
doxin fold units (vol 5, pg 602, 1998). Nat Struct Mol Biol.
5:924–924.
Rinaldi FC, Meza AN, Guimaraes BG. 2009. Structural and bio-
chemical characterization of Xylella fastidiosa DsbA family
members: new insights into the enzyme-substrate inter-
action. Biochemistry. 48:3508–3518.
Rodriguez-Maranon MJ, Bush RM, Peterson EM, Schirmer T,
de la Maza LM. 2002. Prediction of the membrane-span-
ning beta-strands of the major outer membrane protein of
Chlamydia. Protein Sci. 11:1854–1861.
Roszczenko P, Radomska KA, Wywial E, Collet JF, Jagusztyn-
Krynicka EK. 2012. A novel insight into the oxidoreductase
activity of Helicobacter pylori HP0231 protein. PLoS One. 7:
e46563
Rozhkova A, Stirnimann CU, Frei P, Grauschopf U, Brunisholz
R, Grutter MG, Capitani G, Glockshuber R. 2004. Structural
basis and kinetics of inter- and intramolecular disulfide
exchange in the redox catalyst DsbD. Embo J. 23:
1709–1719.
Ryser HJ, Levy EM, Mandel R, DiSciullo GJ. 1994. Inhibition of
human immunodeficiency virus infection by agents that
interfere with thiol-disulfide interchange upon virus-recep-
tor interaction. Proc Natl Acad Sci U S A. 91:4559–4563.
Saka HA, Thompson JW, Chen YS, Kumar Y, Dubois LG,
Moseley MA, Valdivia RH. 2011. Quantitative proteomics
reveals metabolic and pathogenic properties of Chlamydia
trachomatis developmental forms. Mol Microbiol. 82:
1185–1203.
Sardinia LM, Segal E, Ganem D. 1988. Developmental regula-
tion of the cysteine-rich outer-membrane proteins of mur-
ine Chlamydia trachomatis. J Gen Microbiol. 134:997–1004.
Shaw EI, Dooley CA, Fischer ER, Scidmore MA, Fields KA,
Hackstadt T. 2000. Three temporal classes of gene
expression during the Chlamydia trachomatis developmen-
tal cycle. Mol Microbiol. 37:913–925.
Shepherd M, Heras B, Achard MES, King GJ, Argente MP,
Kurth F, Taylor SL, Howard MJ, King NP, Schembri MA,
et al. 2013. Structural and functional characterization of
ScsC, a periplasmic thioredoxin-like protein from
Salmonella enterica Serovar Typhimurium. Antioxid Redox
Signal. 19:1494–1506.
Shouldice SR, Heras B, Walden PM, Totsika M, Schembri MA,
Martin JL. 2011. Structure and function of DsbA, a key
bacterial oxidative folding catalyst. Antioxid Redox Signal.
14:1729–1760.
Silva-Herzog E, Joseph SS, Avery AK, Coba JA, Wolf K, Fields
KA, Plano GV. 2011. Scc1 (CP0432) and Scc4 (CP0033)
function as a type III secretion chaperone for CopN of
Chlamydia pneumoniae. J Bacteriol. 193:3490–3496.
Sinha S, Langford PR, Kroll JS. 2004. Functional diversity of
three different DsbA proteins from Neisseria meningitidis.
Microbiology (Reading, Engl). 150:2993–3000.
Siritapetawee J, Prinz H, Samosornsuk W, Ashley RH, Suginta
W. 2004. Functional reconstitution, gene isolation and top-
ology modelling of porins from Burkholderia pseudomallei
and Burkholderia thailandensis. Biochem J. 377:579–587. (Pt
Smith RP, Paxman JJ, Scanlon MJ, Heras B. 2016. Targeting
bacterial Dsb proteins for the development of anti-viru-
lence agents. Molecules. 21.
Stirling P, Allan I, Pearce JH. 1983. Interference with trans-
formation of Chlamydiae from reproductive to infective
body forms by deprivation of cysteine. FEMS Microbiol
Lett. 19:133–136.
Stirnimann CU, Grutter MG, Glockshuber R, Capitani G. 2006.
nDsbD: a redox interaction hub in the Escherichia coli peri-
plasm. Cell Mol Life Sci. 63:1642–1648.
Su H, Raymond L, Rockey DD, Fischer E, Hackstadt T,
Caldwell HD. 1996. A recombinant Chlamydia trachomatis
major outer membrane protein binds to heparan sulfate
receptors on epithelial cells. Proc Natl Acad Sci U S A. 93:
11143–11148.
Su H, Watkins NG, Zhang YX, Caldwell HD. 1990. Chlamydia
trachomatis-host cell interactions: role of the chlamydial
major outer membrane protein as an adhesin. Infect
Immun. 58:1017–1025.
Su H, Zhang YX, Barrera O, Watkins NG, Caldwell HD. 1988.
Differential effect of trypsin on infectivity of Chlamydia tra-
chomatis: loss of infectivity requires cleavage of major
outer membrane protein variable domains II and IV. Infect
Immun. 56:2094–2100.
Sun G, Pal S, Sarcon AK, Kim S, Sugawara E, Nikaido H, Cocco
MJ, Peterson EM, de la Maza LM. 2007. Structural and
functional analyses of the major outer membrane protein
of Chlamydia trachomatis. J Bacteriol. 189:6222–6235.
Tan C, Hsia RC, Shou H, Haggerty CL, Ness RB, Gaydos CA,
Dean D, Scurlock AM, Wilson DP, Bavoil PM. 2009.
Chlamydia trachomatis-infected patients display variable
antibody profiles against the nine-member polymorphic
membrane protein family. Infect Immun. 77:3218–3226.
Tanzer RJ, Hatch TP. 2001. Characterization of outer mem-
brane proteins in Chlamydia trachomatis LGV serovar L2. J
Bacteriol. 183:2686–2690.
Tinsley CR, Voulhoux R, Beretti JL, Tommassen J, Nassif X.
2004. Three homologues, including two membrane-bound
proteins, of the disulfide oxidoreductase DsbA in Neisseria
CRITICAL REVIEWS IN MICROBIOLOGY 17
meningitidis: effects on bacterial growth and biogenesis of
functional type IV pili. J Biol Chem. 279:27078–27087.
Toth EA, Worby C, Dixon JE, Goedken ER, Marqusee S,
Yeates TO. 2000. The crystal structure of adenylosucci-
nate lyase from Pyrobaculum aerophilum reveals an intra-
cellular protein with three disulfide bonds. J Mol Biol.
301:433–450.
Totsika M, Heras B, Wurpel DJ, Schembri MA. 2009.
Characterization of two homologous disulfide bond sys-
tems involved in virulence factor biogenesis in uropatho-
genic Escherichia coli CFT073. J Bacteriol. 191:3901–3908.
Valdivia RH. 2008. Chlamydia effector proteins and new
insights into chlamydial cellular microbiology. Curr Opin
Microbiol. 11:53–59.
Vandahl BB, Birkelund S, Christiansen G. 2004. Genome and
proteome analysis of Chlamydia. Proteomics. 4:2831–2842.
Walden PM, Halili MA, Archbold JK, Lindahl F, Fairlie DP,
Inaba K, Martin JL. 2013. The alpha-proteobacteria
Wolbachia pipientis protein disulfide machinery has a regu-
latory mechanism absent in gamma-proteobacteria. PLoS
One. 8:e81440.
Wang Y, Berg EA, Feng X, Shen L, Smith T, Costello CE,
Zhang YX. 2006. Identification of surface-exposed compo-
nents of MOMP of Chlamydia trachomatis serovar F.
Protein Sci. 15:122–134.
Wang X, Dutton RJ, Beckwith J, Boyd D. 2011. Membrane
topology and mutational analysis of Mycobacterium tuber-
culosis VKOR, a protein involved in disulfide bond forma-
tion and a homologue of human vitamin K epoxide
reductase. Antioxid Redox Signal. 14:1413–1420.
Wang X, Schwarzer C, Hybiske K, Machen TE, Stephens RS.
2014. Developmental stage oxidoreductive states of
Chlamydia and infected host cells. MBio. 5:e01924
Watarai M, Tobe T, Yoshikawa M, Sasakawa C. 1995. Disulfide
oxidoreductase activity of Shigella flexneri is required for
release of Ipa proteins and invasion of epithelial cells. Proc
Natl Acad Sci U S A. 92:4927–4931.
Wehrl W, Brinkmann V, Jungblut PR, Meyer TF, Szczepek AJ.
2004. From the inside out-processing of the Chlamydial
autotransporter PmpD and its role in bacterial adhesion
and activation of human host cells. Mol Microbiol. 51:
319–334.
Wyllie S, Ashley RH, Longbottom D, Herring AJ. 1998. The major
outer membrane protein of Chlamydia psittaci functions as a
porin-like ion channel. Infect Immun. 66:5202–5207.
Wyrick PB. 2010. Chlamydia trachomatis persistence in vitro:
an overview. J Infect Dis. 201Suppl 2:S88–S95.
Yen TY, Pal S, de la Maza LM. 2005. Characterization of the
disulfide bonds and free cysteine residues of the
Chlamydia trachomatis mouse pneumonitis major outer
membrane protein. Biochemistry. 44:6250–6256.
Yoon JY, Kim J, Lee SJ, Kim HS, Im HN, Yoon HJ, Kim KH, Kim
SJ, Han BW, Suh SW. 2011. Structural and functional char-
acterization of Helicobacter pylori DsbG. FEBS Lett. 585:
3862–3867.
Yu J, Edwards-Jones B, Neyrolles O, Kroll JS. 2000. Key role
for DsbA in cell-to-cell spread of Shigella flexneri, permit-
ting secretion of Ipa proteins into interepithelial protru-
sions. Infect Immun. 68:6449–6456.
Zhang JP, Stephens RS. 1992. Mechanism of C. trachomatis
attachment to eukaryotic host cells. Cell. 69:861–869.
18 S. CHRISTENSEN ET AL.
